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TIT. EXPERIMENTAL OBSERVATIONS OF SOLAR FLARES AND SUBFLARZS

A. INTRODUCTION

Figure < shows a map of the United States and the area around Puerto
Rico, showing location of the transmitting and receiving sites which will
be referred t» in this report. One of the transmitting stations, that of
tne National Bureau of Standards, is located near Washington, D.C. The
<0-Mc transmission, called WWV-20, was monitored at the University of Washe
ington (UW), Seattle, Washington, and at Stanford University (SU),
Stanford, California. The other transmitting station is located at
Moyaguez, Puerto Rico (PR) and hes been operated by the University of
Puerto Rico. The UW site has been monitoring the 18- and 10-Mc trans-
missions* and the SU site has beer monitoring the 16-, 15-, and 10-Mc
transmissions*. GStation WWV-20 is off the air for 4 min, starting 45
min after each hr. The PR transmissions are interrupted every 2 min for
3 sec, and every 15 min for 30 sec. These time marks appear as negative
splkes on the instantaneous-frequency paper records and can also be
recognized in the emplitude, angle-of-arrival, and phase records. In
nddition, the transmitters are keyed with the identification letters every
half hour.

Ray paths between the transmitting and receiving sites are elso
drawn in Fig. 2, together with their "reflection" points for 1-, 2-,
and 3-hop propagetion modes.

The instantaneous-frequency records have a full scale or 10 cps
(2 cps/cm); the phase records have a full scale of 32n electrical rad-
ians. The engle-of-arrival records (with a few exceptions, which are
sc marked) have a 20-deg full-scale spatial spread. Amplitude is re-
corded with many sensitivities (0.2.w/cm to 2 v/cm). . All recorders were
run at a speed of 2.5 mm/min (about 6 in./hr), except the phase recorders

which were run at 1 mm/sec.

*Ihe exact transmitted frequencies from PR are 17'8825’ﬁ§¢l%2%iﬁ
9.7675, and 9.7575 Mec. AR
:‘i.u

i,
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Fig. 3 time scale should read: 1700 1733 1800 1830
Fig. 14, Note on Channcl B should read: CHANNEL B: RELATIVE PHASES

Line 5 should read: frequency-analyzed, the incoming spectrum is
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ABSTRACT

During the occurrence of certain solar flares and subflares (about
25 percent of those reported), the imstantaneous frequency of a highly
stable, c-w, h-f signal transmitted obliquely through the 3onosphere is
momentarily changed by a few cycles. The change consists of an increase
in the frequency, fcilowed by a decrease and subsequently a gradual
return toward the original-received frequency. The rapid part of the
frequency variation lasts only a few minutes (usually less than 5).

In addition, the frequency change varles inversely with the operating
frequency. Paths separated by many hundreds of kilometers are simul-
taneously affected. It is of interest that these pronounced frequency
shifts invariably occur prior to the loss of signal characteristic of a
short-wave fadeout, and hence could conceivably be used to warn of im-
pending signal loss in modern h-i' communication systems affording con-
tinuous feedback of propagetion ccrnditions over the path. In certain
cases, however, the flare-induced frequency shift is not followed by

a fadeout.

The azimuthal angle of arrival of the same signals that suffer
frequency changes during solar flares and subflares also deviates in
about one-third of the cases. The fact thet en h-f wave suffers bear-
ing deviaticns signifies that ionization is able to bend it. Electron-
density gradients are probably produced from the solar-flare-induced
1onization, especially at times when the sun's energy falls at a
grazing angle on the path. The angle usually deviates to the south
of the great-circle path in the case of the Puerto Rico - Palo Alto
(PR - SU) path during the season at which these measurements were made.

These observations of instentaneous frequency and angle-of-errival
changes during solar flares suggest that new ionization is introduced
initially somewhere just above the E region--very probably in the height
region 120 to 140 km, although even higher heights are possible. This
initial ionization may or may not be followed by the generation of
ionization in the absorbing D region.

The time variation of height at which solar-flare-induced ioniza-
tion is released, suggests that the jonization-producing radiant energy
is initially soft, and then "hardens" as the flare progresses.

- iii -
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LIST OF SYMBOLS

w= nfl operational angular frequency, radians/eec

Loa % wvavelength, i{n free space, of h-f wave of frequency w

Tea+ B propagation function/m

a attenuation function (nepers/m)

B phase function (radians/m)

8, = ? propagation function of vacuum (radians/m)

wy = 2;-.0.&81 angular plassa-rescnance frequency (radians/sec)

w, = ":—u angular gyrofrequency (redians/sec)

i, permeablility of vacuum (henrys/m)

“v% = B geomagnetic field

3 georagnetic field (webers/mz)

e charge of electron (coulombs)

w mass of electron, kg

N electron cherge density (electrons/m3)

v collision frequency (events/sec)

c velocity of light in vacuum (m/sec)

6 engle between the direction of propegation and the
direction of the geomagnetic field (in our case
50 deg < @ 60 deg)

v take-off angle of wave (deg)

[ total phase of wave (a function of time) (radians)

u, component of the velocity along direction of propagation

vp phase velocity of wave of frequency w

vg group velocity of the wave of frequency

n refracting index of ionosphere

A power absorption of signal (db)
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phase (cycles)
path length
tize delay

virtual height
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I.  INTRODUCTION AND HISTORICAL REVIEW

Since the early days of h-f radio propagation, students of the ionos-
phere have been coafronted with the influence of the sun upon it. The
sudden occurrence of fading or disappearance - the so-called Short-Wave
Fadeout (SWF) - of i-f signals obliquely transmitted through the fono-
sphere was [irst notliced by Mogel [Ref. 1] in 1930. Later, Dellinger
(Ref 2] was the first wo assoclate these Sudden Ionospheric Distur-
tances (SID's) with the simultoncous eruptions (solar flares) taking
place in the sun. Thus, the so-called Mogel-Dellinger effect became an
object of intense study by the many workers in the hef ionoepheric
propagetion field. Table Ll presente a condensed history of the obser-
vatlons of the effects of solar flares on the upper atmosphere by the
main workers in the f'ield

The various workers used different methods and equipment for mea-
suring the changes in the fonospheric parameters thet could te alfected
by the changes brought about by solar flares. The interpretations and
conclusions reached from experimental observations of the ionosphere
were often limited by the scope of the experiments. Meny workers held
completely opposite views end reachred contradictory conclusions as to
what really heppened in the ionosphere during solar flares. Martyn,
Munro, iiiggs and Williams [Ref 3], for example, by studying certain
anomelies appearing on vertical-incidence ionograms during solar flares,
noticed that the virtual height of the fonospheric, PF-region reflection
point rose following a solar flare. They attributed this to an actual
upward movement of the F layers and a decrease of the electron density
of these layers, often somewhat before absorption effects appeared
near the reflecting point.

The above observations were contrary to the earlier statements by
Dellinger [Ref. 4], McNish [Ref. 5], and others [Refs. 6,7,8,9,10], who
had postulated that most of the effects are concentrated in the D region
(below 90 km). In 1936, Burkard [Ref. 11], by studying the ionosphere
with signals of 30 Mc, concluded that the ionization increase was en-
tirely in the E region. An interesting experimental result was reported
by Naismith and Beynon [Ref. 12]. By studying the vertical reflections

-1 -
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of k-1 signals Irom the F reglon without getting reflections from the
E reglon, they noticed echoes suddenly appearing from a height of 125 km.
These echoes lasted a few minutes at the end of which the F-layer echoes
were seen again in their normal place. A solar flare of importance 1
took place during this short interval. The behavior of the ionosphere
during this {lare was the seme as that which will be reported later in
thig paper. Beckman, Menzel, and Vilbig [Ref. 13) in the same year
(1938) puvlished a paper maintaining the D-region effects are inadequate
1o explain what happens in the ionosphere during solar flares. They
thouzht the £ and T reglons were affected as well. Bracevell and Starker
{Ref 1] studied extensivel» he Sudden Fhase Anomalies (SPA) produced
on wlf transmissions (16 ke) during solar flares. They concluded that
e D-reglon lonization is increased during solar flares. iowever,
in ¥ out cf 12 cases reported in this paper the SPA's cawe after the
times of the visidle maxizsa of the fleres. Beciner and Dieminger
[Re?. 15]) in 1950, end Minnis end Bazzard in 1958 [Ref. 18], reported
that during & very siro.. solar flare that was accompsnied by cosmic
rays, the F-reglion lonlzetion increased eppreciasbly end the F leyer
movesd downward  Bibl [Ref. 17) reported in 1951 that incresses in the
Z-reglon critical frequency of more then O 2 Mce were teking plaece during
SID's. 1In the same yeer Findley [Ref. 18], by studying the changes of
Lthe phase and group peaths of 2-Mc signels during SID's, concluded thet
the meximum fonization during fadeouts is produced &t e height of 101
4 2 ¥m. Elltson [Ref. 19] published a paper in 1953 in which he re-
ported that the Sudden Enhencements of Atmospherics (SEA's) invariebly
leg tre time of the mexime of solar flares by 2 to 10 min.

It 1s evident from this brief review that no agreement has been
receched a5 to where the meximum ionization is usually first produced.

Coming now to the group of references that more closely relates to
our work, we notice that short-period increeses followed by decreases in
the instantaneous-received frequency of highly stable h-f waves vere
first observed by Fenwick and Villard [Ref. 20) in 1960. They specu-
lated that these rather sudden changes in the instantaneous-received
frequency might be due to rapidly downward-moving F-region irregulari-
ties. Later in the same year Chan, Villard, and Duefio [Ref. 21] associated

-3 -



tiuese shori-period changes in the instantaneous frequency with solar
Tlares occurring simultaneously with the changes. Similar effects

save been published more recently by Knecht and Davies [Ref. 22);

tiiey found an F-reglon increase in ion dencity and speculated that the
change in the instantaneous frequency could be due to a downward move-
=ent of the F-rezion layer during a strong solar flere. lHowever, close
examization of the erfect of solar flares on the Instantaneous-received
Treguency of he! waves obliquely propagated through the lonosphere over

ne pmihs, w83 brought to light cerialsn evidence which strongly sug-

poow
fy

cests thnal the fonosphere is affected apove the E regilon first, and
reat e D reglon may or may nol vbe affected later.

During e cceurrence of certain sclar Tlares and subflares the
inptanlancous Creguescy of highly statle c-w kel signals transmitted
crliguely inrousn the ionosphere is momentarily chenged by a few cycles.
Tre cnange usually consists of an increase in the frequency, folloved
vy on decresse and subsequently & gradusl returs toward the originsl-
received Mrequencty.

Tne rapid part of the {requency veriatlon lasts only a few minutes
(.5.2lly less than 5). In addivion, the frequency changes very inversely
Wity ke operating frequency. Thus, & downward-moving leyer must be
ex~luded since {t would have produced changes that vary directly with
~ne operating frequency (doppler effect). Pains seperated by many hun-
dreds of kilometers ere simultaneously affected. These pronounced fre-
quency shifts inveriebly occur prior to the loss of signal characteris-
tic of a short-wave fadeout. (On some occasions, an increase in the
simmel is observed.) In certain cases, however, the flare-induced
frequerncy snift is not followed by & fedeonut.. Moreover, the frequency
~ranges lead the times of the maximun phese of the solar flare by 1 to
L min  Finally, the azimuthal angle of arrival of the same signals
that suffer frequency changes during solar flares end subflares is also
changed 1n a {ew instances.

It is the intention of this report to show that solar flares often
produce ionization in the ionosphere above the E level first, and then
mey or may not produce ionization in the absorbing D region at a later

time. Most articles about SID's postulate changes no higher than the
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D and E regions. Only during the very intense solar flares(those ac-
companied by cosmic rays) is there thought to be any change in the
F region.

Chapter II discusses briefly the experimental setups used in meas-
uring the results, Chapter III gives many examples of experimental re-
sulte of solar-Tlare-induced ionization effects on h-f signal character-
istics, and Chapter IV considers a simple theoretical model to explain
and Justify the experimental evidence.



II. EQUIPMENT FOR EXPERIMENTAL MEASUREMENTS

Detailed experimental setups for measuring instantaneous frequency
and angle of arrival have previously been reported [Refs. 20,21,23,2h).
This metiiod of measuring the instantaneous frequency has been pioneered
by the National Bureau of Standards [Ref. 23]). In brief, the frequency
deviations were derived by comparing the locally generated standard
reguency with the frequency of the transmitted signals. Staendard-
Prequency sources at both receiving and transmitting sites were Rohde
and Jehwarz (OA standards, rated at ) part in 109 raximum daily frequency
drift and 1 part in 10 maxieus hourly frequency drift.

The recelving standerds were offset from the tranemitting standard
by avout D eps. The resulting beat subesudio frequency vas fed through
a low-pnss Pllter designed to eliminete hum end interference and into the
recording apparatus. Recording was accomplished by feeding the emplified
beal frequency into a frcquency meter (}P-500B) whose output wes recorded
ty (1) 2 Senborn paper-tape recorder running at a speed of 2.5 mm/min
on & routine basis, 2k hours a days, with a time constant of 5 sec;
and (2) o direct-recording, Webcor magnetic-tape recorder modified to
run at approximately 1/50 in./sec. The Sanborn recorder displays the
teat frequency resulting from the stirongest received signal component,
while the Webcor records the entire received subaudio fading spectrum.
When pleyed at 15 in /sec, the tape recording gives a signel whose fre-
guency lalls within the input-acceptance frequency band of a Kay "Sona-
Grapn" or a Raytheon "Reyspan” a-f analyzer.

The angle of errival of the same highly stable, c-w h-f signals 1is
determined by & phase-comparison method. The phases of two identical
Yagl antennes, transversely spaced to the true PR bearing 3 A apart,
are compared with an Applied Technology Phase Tracking Interferometer
(PT1-1) or e phase-comparison direction-finder consisting of a siamesed
SPEO0 receiver pair. The phase-information output of the PTI-1 is re-
corded on a Sanborn recorder running at 2.5 mm/min, whereas that of the
phase meter is recorded on an Esterline Angus ink-chart recorder running
at 6 in./hr. The effective time constants of the recorders were 4 and

10 sec, respectively.
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The measurements of the phase and amplitude were wmade with an ex-
perimental setup shown in Fig. 1. The phase of incoming tranemitted
stable signal has been c ompared with that derived from & locally gen-
erated signal of the same stability (1 part in 109 per day). The com-
parison is accomplished in an Acton Model 328 AD phase meter. The out-

ut of the phase xeter is integrated and fed into a Sanborn paper re-
corder which runs at 1 mm/sec. The full-scale reading is 32z electri-
cal radians or 16 cycles (wavelengths). The incoming eignal is, in
sdditlon, envelope-detected and fed into anotier channel of the saze
Sanbvorn recornder. The detected output ls proporticonal to the logarithm
of the amplitude of the incoming signal. The effective integration time
constants for btoth phase end a=plitude are 0.05 sec. (The AGC time con-

1ants of the 79 S-1 receivers were getl ai 3 gec.)

]



ITI. EXPERIMENTAL OBSERVATIONS OF SOLAR FLARES AND SUBFLARES

A. INTRODUCTION

Figure 2 shows a map of the United States and the area around Puerto
Rico, showing location of the transmitting and receiving sites which will
be referred to inm this report. One of the transmitting stations, that of
the lational Burcau of Standards, is located near Washington, D.C. The
€0-Mc transmission, called WWV-20, was monitored at the University of Wash-
ington  (UW), Seattle, Washington, and at Stanford University (SU),
sraniord, California. The other transmitting station is located at
Mayaguez, Puerto Rico (PR) and has been operated by the University of
Pucrto Hico. The UW site has been monitoring the 18- and 10-Mc trans-
misslons* and the SU site nas been monitoring the 18-, 15-, and 10-Mc
rransmicsions®.  Stetion WWV-20 is off the air for L min, starting 45
ain alter cach hr. The PR transmissions are interrupted every 2 min for
1 seec, and every 19 min for 30 sec. These time marks appear as negative
cpikes on the instantaneous-frequency paper records and can also be
recogrnlized in the amplitude, angle-of-arrivel, end phase records. In
addition, the trensmitters are keyed with the identification letters every
hel? hour.

Rey paths belween the transmitting and receiving sites are also
drawn in Fig. 2, together with their "reflection” points for 1l-, 2-,
er< 3-hop propagetion irodes.

The instantaneous-f{requency records have a2 full scale of 10 cps
(2 cps/cm); the phase records have a full scale of 32n electrical rad-
fens  The angle-of-arrival records (with a few exceptions, which are
so marked) have a 20-deg full-scale spatial spread. Amplitude is re-
corded witn many sensitivities (0.2 v/em to 2 v/em). All recorders were
run at a speed of 2.5 mm/min (about 6 in./hr), except the phase recorders

which were run at 1 mm/sec.

*Ihe exact transmitted frequencies from PR are 17.8825, 15.1025,
9.7675, and 9.7575 Mc.

-9 -
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B. OBSERVED EFFRCTS

The following figures show many examples of the solar-rlare-induced
cllects in the instantaneous frequency, absolute phase, angle of arrival,

and amplitude of h-{ waves.
l. Frequency Changes with No Absorption. Figure 3 shows the effect

o tiwe solar subflare 20 of Lk August 1961 on the WWV-20, FR-18, and
PR-15 wransmissions as monitored at the SU site. Jotice the increases

inothe received requency for each case at about 1731 o 1732+, This
Time correpponds 1o the reported [Ref. 291 sclar subflare maximum phase
taring Which the Yrequency change varies inversely with the operatisg
Treguenty lotice aleo that during this time interval (snd also sub-
segquently) tie amplitude of the 19-Mo signal (that of <he lowest of the
three Urequencics recorded) stowed no observable avsorption (Tue sen-
pliwity of the amplitude recording of the PPI-1 !s sbout ¥ o & do/es. )
lhe relative direction of Uw 15-Me wave during the time of tie frequency
crnnge was momentarily shifted south of the grest-circle plane Joining
transmitter and recciver  Subsequently, the 15-Me wave was deviating

toward Lhe north while ius frequency was increasing.

2. fPreguency Chenge Followed by Slight Absorpvicn. Flgure L shows

the elfect of the solar flere of importance 1 of 15 August 1961 on the

sene signals over the same peths of Fig 3. HNotice that the freguency
narges atoebout 1947, The maximum of the freguency change occurs 2 min
Brior to the time [Ref. 26) of visual phase meximum of the sclar flare.
Trere {s no change in the angle of arrival of the 15-Mc sigral. Partial
wbocrption commences at about 2 min af'ter the maximum of lhe freguency
rhunge, and is about G db below the signal level at the time of the maxi-
mun frequency change. The signal attains this value & min after the

raXimum frequency change.

3. Phase and Amplitude Rapid-Run Recordings or Solar-Induced Changes

Figures 5a and 5b show the details of the subflare and flare effects on
the 1U-Mc-signal amplitude and phase discussed in Figs. 3 and 4. 1In
these figures, the slope of the phase is proportional to frequency

*
Times throughout this report are given in Greenwich Mean Time (cMT).

- 11 - )
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(i.e., w= d@/dt). In both cases, the slope increases, reaches a maxi- |
mum, and then decreases. Subsequently, the slope passes through zero and

finally becomes negative only to return to the normal (presolar) slope

many minutes later. This elapse of time in returning to normal is charac-

teristic of an F-reglon recovery time constant. The fading rate of the

signal during the maximum phase change Increased to twice the preflare

value in both cases, whereas the signal amplitude barely changed. In

addivion, the subflare (Fig. 5a) produced more phase change than the

Uiare of importance 1 (Fig. 5b).

“. Frequency Changes Followed by Severe Absorption. Figure 6

depiots the effect of the solar flare of importance 1 of 3 September
Il on the frequency of the WWV-20 and PR-18 signals, and on the angle
o arrival and amplitude of the PR-19 transmissions The maximum fre-
guency change in this case occurred at 206, 5 min before the maximum
prage of the flare. This wes fcllowed, however, by & second maximum at
C-5 1t is characteristic that 1n this case, unlike that of August 15,
rather severe nbsorpticn of the h-f signal wes observed. As in the
previous case, however, the maximum absorption was reached after the
meximen frequency change hed taken plece. There is a slight engle-of-
arrival chaenge during the time of the meximum frequency change for this
“nse. The engle shifts momentarily toward the south of the path. The
1-M~ wave subsequenily deviates southward right after the solar flare

(n-tuelly during the negative phase) by 2 deg

5 Two-tour Period During Wnich Every Solar Flare and Subfllare

Produced Changes. Figure 7 shows the frequency changes, angle-of-arrival

varietion, and ebsorption produced by a series of solar subflares and
flares occurring in a 2-hr period on September 1961. The less pro-
nounced effects are emphasized with arrows Only the solar flare of
importance 2 produced substantial, measurable absorption which,
characteristically, commenced 1 min after the time of the maximum fre-
quercy excursion  All frequency variations are larger on the PR-SU
18-Mc than on the WWV-SU 20-Mc signal. During the time interval of
the maximum frequency change at about 1915, the 15-Mc angle-of-arrival

signal deviated about 1.5 deg to the south for a period of 2 min, or so,

- 15 -
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Other rlares and subflares cf® less importance produced an increase in

tie rate and amplitude of the angle-of-arrival scintillatvions. Figure 7

2]

ows that on particular days when specific sunspot regions are active

¢

every flare and gubflare produces freguency variations on the h-f sig-
rals n gereral, nowever, only s ssall perrentege (15 to 20 percent)
of zolar flares and a larger percentage (29 wo 30 perceat) of subflares

reported (Refs 29,20], produced freguency variations.

O, Dvo Sclar Flames:  Toe ese laportant One Followed by More

Severe Absorplicn The erfect:s o WWV-20, PR-1Z, and PR-1H signels by
*we solar Tluares of L Septemter Il are depicted in Fig. 6 In botkh
noep the Seeguency varigtions wnry javersoly Witk operating frequency

Alsornuisn gl00 SClE in but rencher Dl omaximum value about L omin alter

sre muximus Creguenty variationy A very small, almcst undis

=1
P
o

@
j ]
-
It
e
—
©

-

Jeviaticn toward the sguth of tre LT-Mc oargle of srrival. can Le observed

suring Ule thme of the Mirst flare-induces Sreguency  hange. Notlce
Thnt LLe 8Lsorplicn effect 18 more gevere and lasts longer for the case

o less sapertance (umportance 1)

T, Two Solar Flares of Importance 1 [rducing Widespread Changes.

Tigure 0 shows another example of two solar flares of 13 August 1661

of reporiedly equal imporience (1), ver producing completlely different
resulis. The Tirsy produced ncticeavle frequency changes and substantial
avsorpticn {(nlmost simultaneously wirh the "ime interval of {requenc)
‘nange and angle-of-arrival devie'ions to the scuth). The second pro-
duced ac readily notireable chianges in frequency and almost no ebsorption.
Arn angle-of-arrival deviation to rhe south aboul © min prior Lo the maxi-
mum phase of the second flare 1s noticed on the 19H-Me signal (see arrow
or. the 19-Mc engle-cf-arrival chasrnel)  Thus, i1t is evident thaet even
though the visual observation of wwc flares seems identical, their ultra-
violet and 7Z-ray energy releases ~ould be differernt as indicated by

their substantially different effects on the ionosphere that affects h-f

waves passing through it.

8. Solar Flare Inducing Frequency Changes but no Absorption.
Figure 10 shows another effect of a solar flare on 29 Jjuly 1961 that pro-

duced frequency changes but no absorption. The intensification of the

- 18 .
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bearing scintillations on the 15-Me signal folloving the solar flare is
evident in this case, but engle-of-arrival deviations are not produced.
Nlotice again that the frequency variatjons vary inversely with the

operating frequency.

9. Slgnal Enhancement During the Sclar-Flare Maximum Fhage

Figure 11 is an example of the appearance of a sigmal which kad been
nereally avsent because of daytime avsorption. MNotice that the 10-Mo
tenal (PR-UW), weak because of norsal daylisme abs sorption, cape in
momentarily sironger during the second Ulare (zee arrow in third--bolione-
‘hannel).  Such enhancements of sigmals dur sing solar Clares have teen

reporied also by others (Ref. 21°.

o

10 Short-Lived Azimuthal Bearing Durlng Solar Flare. Plgure 12

snoMs more clearly the effect of a solar flere on 29 July 1961 oa the
angle of nrrival. At the time of the freguency deviation, the engle of
arrival of the 1l)-Me signal had been shifted scuth of {1y previous besr-
sng by ebout 3 deg.  In this flgure the frequenty shirfts also vary in-
versely with the operating freques-y  Tuls !s also an example of en
cnhancement rather than an attenuntion of the amplitude of the 15-Mc

signal Tollowing the solar flare.

11. Simdianeous Absolute Phase and Amplitude Rapid-Run Records

of Solar-induced Changes. Figure 13 shows simultaneous phnse and amp-

litude rapid-run recordings of the {B-13 and FR-15 transmissions received
at SU on 2€ September 1961. ‘This example it one which shows some of the
mosl severe effects on the amplitude and phase of u-{ signals recorded
during the 2-month recording pericd. Because of i{ls detalled and pro-
longed occurrence, this effect will te analyzed more fully later (sce
Chapter IV). Suffice it to say that tne net phase changes for the 18-
and 15-Mc signals were 1200 and 1400 cycles, respectively, over the back-
ground presolar value and that no amplitude reduction was set in dur-
ing the positive phase of the solar flare (while the phase was increas-
ing with time). The absorption started to set in Just prior to the time
of the maximum phase change. It is also emphasized here that the phase
change is very close to 1/f (%%gg i? ;) Also, the recovery of the

flare-induced phase change lasted many minutes beyond the recovery of the

- 22 _
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signal due to absorption, thus indicating that the ionization changes
that produce tie absorption and frequency changes arc of different
origin and at different levels.

ne a finsl comment concerning the effect of the soler flare shown
tn Fieg. 13, observe that for both frequencles the raxlimws phase is
rencied at the sarme time o within * 0.5 sec. The tize coincidence in-
dleates that both the 15- and lo-Mc wave transmissicns were affected
ctmultancously. Since eack one ie refracted at a different helght of
tue lonosphere, there could not be a layer wmoving down because ol the

fiv. Simee tuere was no avsorption, the lomlzation needed to

shange the phase could not be in the lower ioncspheric leyers (i.e.,

D or £). Thus, most lonizatlon changes cust have Leken place in e

for)

carrowtand between the £ and F layers. Thls layer will e shown to lle
cmewheore between 120 and 100 km in helght (see Chapter IV).

o
-

12. Absolute Pusse and Amplitude Repld-Bun Records Depicting Solar-

Tlare and Subllare-Induced Effects. All solar [lares do not produce

severe, alwost spectaculer results such as those shown in Flg. 13. One
somevimes has to hunt through the records with previous knowledge of
soler-{lare events to find any effects (see, for example, Figs. 14 and 15).
Notice the increase in the reding rate of the amplitude during the phase
chenges at ebout 1607, 1621, 1819, end 182k to 1836 of Fig. 1k (errows).
The phase chenges during the meximum pheses of the subflares at about

1612, 1625, and 2007 are also evident in Fig. 15.

C. SPECTRUM ANALYSIS OF SHORT-PERIOD FREQUENCY FLUCTUATIONS

is shown in the previous examples, particulerly in Figs. 9 end 12,
the solar-flare-induced effects are widespread. Thus, traveling dis-
turbances must be excluded since, if they were isolated, they could not
travel fast enough to affect ell of the paths simultaneously. One
should distinguish, however, two main kinds of short-period frequency
fluctuations: those produced by solar-flare-induced ionization which
vary inversely with the operating frequency, and those produced by sud-
den geomagnetic-field fluctuations (i.e., sudden commencements) which

most often vary proportionally with the operating frequency. The first
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kind of frequency fluctuation affects all propagating modes, including
those of the ordinery and extraordinary waves, by roughly the same amount.
During the second kind of fluctuation, the many propagating modes over
the smuse path are affected by slightly different amountc. Thus, when
frequency is analyzed, the incoming spectrum is split on the record.
Solar flares affect only the signals which propagate in the sunlit
part of the earth, wvhereas sudden commencements can affect the h-f
ransoicsion at either day or night. Even though the sudden commence-
ments ocour less frequently than tie sclar flares (three to four each
month, on the average, as compared with tvo to three solar f{lares a
day), their effect on the instantaneous frequency is noticed as much
on ihe records es those of solar flares, since 90 percent of sudden
coemencerents produce frequency changes as compared vith about 20 percent

of solar Ilares.

1. Soler-Flare-Induced Fluctuation--Jio Mode Frequency Splitting.

Flgure 1¢ shows & frequency enalysis of the received-frequency spectrum

oi a solar-flere-induced frequency fluctuation. It is clearly seen that
the many existing modes previous to the solar flare constitute e fre-
uency bend about 1 cps wide. During the solar-flare maximum, the

wrole band of frequencies is affected by the seme amount.

2 Fluctuation Caused by a Sudden Commencement--Mode Frequency

Splitting Figure 17 shows en enalysis of the received-frequency spec-
trum of short-lived frequency wvariations that tock place during a sudden
commencement that resembles those produced by soler-flare-induced ioni-
zation (i.e¢., a sligiit increase in the frequency followed by a decrease
and a subsequent reccvery). During the sudden increase in the geomag-
netic field the frequency increased; then, when the magnetic field sud-
denly decreased, the frequency also decreased. Notice, however, that
the many different frequencies coming in prior to the geomagnetic fluc-
tuations with a bandwidth of about 1 cps, are affected differently and
"frequency splitting” on the record occurs, a characteristic that is

not observed during the solar-flare-induced fluctuations.

3. Fluctuation During a Large Geomagnetic-Field--Mode Frequency

Splitting and Continued Frequency Oscillations. Another characteristic

-29 -



"LNAOKRY INVS (Y dALDH44Y SHAOK ONIROONI "IV 40 S312N3003u4 0961 HWAHWIDYQ ¢ ‘NOILVALINTA
ADNANOINA AAINANT -HUV 14 -UV 108 40 ROMLIAJGS ADININOINA THATHD3AU IVLOL 40 SISAIVAY AONANO3I¥YE 91 ‘o4

+€ 8s12 I1?81/L£0) 2EBI 1n9
R LU 2Y TP ] anN) ISYHe XVYR 14v1s

(amd) Imis

[+ 4] 1111 [o01:41
oo e e ' ' ' -0
qiiﬂ. 8 ,
'] " - €
[ o ON 81
4 - -
i:}lf S - © ;"
-
m
e
(2]
m
-
x
NOLiwALIAY n_u:nl..u-q-. w104 iMNOAY dAYT QM1 AR O1137d4v JHY o
S130m DWImMOINI 1Y 40 B1IINING NS pwml JJiL0N SWHHYN ANl m
onn_ n_-_ tima) My g1 z
% 52
— e e =
(2]
;ti ¢ 3
s, s -
g g “o . + i . . -9 N 81
mn-y4
- 6
' - ’
NONIVNEINTS OIINOMI =Ty 1S wy 10%
. ) . {iwd) M fama) amiy
1n9) Ime, 81 Si181 00E1
991 ool sim  oows o 0061 otet 008 Lo oL \ b ow-o 2
FEe T A ‘w0 2 ] =€ @
! = I \ljlt!lllllrltrlﬁrsix m
R : €3 o -9 T .oz
! i ~ Q2 - o 2
o« ¥ A -9 m shetmn M-M. -U-—Mumu -6 ™ NS-AMM
T 6 5 = ha}
ek “ ,...-... - . < . _ O “
T : : . -0 o J = mm = . | | e &
: _ - =F 2 Z o 81
L ; 1 % w81 > a
L - m. “n..mu ; : ! Wmm gyl i ) 9 2 ns-ud
- ﬂwn ¥ - T6 3
- - . - & -h [ — ) -
ok ~ SuNYW JIwil el

- 30 -



PR-Un
18 Mc

eV -UW

20 Me

PR«SY

18 M

wy-sy
20 Mc

o

o

INSTANTANEOUS FREQUENCY (CPS)

PR-UN
18 Mc
SONOGRAM

PR-SU
18 Mc
SONOGRAM

FIG. 17.

xe —aw

Lt B o S I fﬂrrr-‘

Pa e —w—aw "R

- o

-----

-
I &
e areares W e o et oo o B s b e

.
P e R Tl AR o B B

PALES SR SSE SRS TEARR S ENAN KT

R

i
b A 1 i

INSTANTANEOUS FREQUENCY (cCP3)

NOTICL THAT THL MANY INCOMING

SUDDEN COMMENSEMENTY INDUCLD MOOLS ARC AFFECTLO OY DIF-
FREOUENCY FLUCTUATIONS

FERENT AMOUNTS

1445

1500
TIME (GMT)

FREQUENCY ANALYSIS OF TOTAL RECEIVED FREQUENCY SPECTRUM OF

FREQUENCY FLUCTUATION CAUSED BY SC, 24 OCTOBER 1961. FREQUENCIES
OF THE MANY INCOMING MODES AFFECTED BY DIFFERENT AMOUNTS.

-31-



PR.US
18 Mc

LA ALV ]

20 W

rR-5U

18 M¢

vavesy
20 W

10

0

PRt A S S Ere-a-ame ste-wwx

g g e » 8w EEy e ag E SR e

L -

“ew
: PSS

o ww" . _ . 4.0 ¥ ¥V grrTImRTTr
10
2 : : (L
) . “pes
- , » e s
& i 4. d, | T
£ 0 seomil bt e
> ]
e 1600
:
[
3
-
10
H
°
t
]
10 .
i ¥
1k ﬂlr ; i
gty
9 = -
) L1
PRoUw 6 =
o c S
SONOGRAM
3 - ; -
° ol X
[y . L % s’ .." P :
: 0 - "tk etgn a - '- _.:;,m‘g-’ 3 - .a...‘:‘l ‘.’&
> 1445 1500
-
2
H NOTICE THAT THE MANY INCOMING
- SUOOEN COMMENSEMENT 1NMOUCEO MOOES ARC AFFCCTED BY DIf-
» FREOUENCY FLUCTUATIONS FERENT AMOUNTS
(-]
H
<
z
PRoSU -
1Mz 4
SOMOGRAM
. T [
1445 1500
TIME (GMT)
FIG. 17. FREQUENCY ANALYSIS OF TOTAL RECEIVED FREQUENCY SPECTRUM OF

FREQUENCY FLUCTUATION CAUSED BY SC, 24 OCTOBER 1961. FREQUENCIES
OF THE MANY INCOMING MODES AFFECTED BY DIFFERENT AMOUNTS.

-3 -



of the sphort-period fluctuations that is observed during the sudden geo-
magnetic-field fluctuations but not during the solar-flare-induced fre-
quency fluctuations, is the following: the short-lived frequency fluctua-
tiong, which usually vary proportionally with the operating [requency,
sontinue for a long time after the sudden geocmagnetic-Tield variation,

a3 shown In Fig. 18. MNotice that the {requency uecrease of the 10-Mc
PR-SU signal is about 3 cps, whereas that of the 20-Mc WWV-SU signal

{5 atout © cps, & 2 Lo 1 variation. In the seme Tigure observe that the

“he rrequency was decreasing. ‘The angle of arrival of the 10-Mc PR-SU
sigral ¢id nov deviate during this requency variation, but the bearing
sefntillations increased in amplitude marzedly after it [n this case
tne vertical angle changed much more than the szimuthel angle of arrivel

a probasble vertical movement oI the lonospheric layer. Tue
cguipment, nowever, 1s not seasitive to ihe vertical angle-of-arrivel
changes

Fluctuation Ceused by a Sudden Impulse--Mode Prequency Splitting

Cecurring Simulteneously over Widely Separated Peaths. Flgure 19 shows

anotier example of u short-lived {frequency chenge thet correletes with
1ne simultaneous occurrence of a rapid geomagneiic-rfield verietion
(mesnmetic sudden impulse) that toox plece on ' Februery 1961. The
magnetic Tielé suddenly increased by about 15 gemma* at 1828, then de-
creased by more than LO gamma at about 1830. The frequency splitting
and subsequent "ringing" of the frequency are present in this case also.
Untice that the frequency of the 20-Mc signel varied more than that of
tie 1o-Mc during the time interval under discussion. The fact that the
szimuthel angle of arrival is not affected drastically during these sud-
den geomagnetic-f{ield variations could be due to a vertical movement of
the refraction point of the wave (see the proportional frequency varia-
tion of the instantaneous frequency and the simultaneous effect on widely
separated paths). Subsequent motions of the ionosphere, however, could
produce tilts that would deviate the h-f waves laterally [Ref. 24]. 1In

other words, the upper layers of the ionosphere can be considered as a

filter which "rings" whenever energy is applied to it.

* -5
1 gamma = 10 ~ gauss
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IV. THEORETICAL CONSIDERATIONS AND EXPERIMENTAL ANALYSIS

The experimental observations discussed in Chapter III can be sum-
marized as follows:

1. All solar flares of the same class do not produce similar effects.
Sometimes there can be a 2 to ) difference in the amount of fre-
Quency change, and time intervals of their effects can range from
1l to 5 min.

[AV]

.« Some Tlares (even of importance 2, 3, or 3+) do not produce any
effects.

(]

Siler flares are accompanied by short-wvave fadeout, .others are not.
Gome flares of the same kind during the same day produce different
ctenges. The short-wave fadeout, when it occurs, takes place after
ihe frequency angle-of-arrival deviations to the south* of the greant-
circle plane, and it has occurred as many as 2 to 5 min later.

. The frequency changes vary inversely with operating frequency, as
contrasted with the frequency changes which vary proportionally
with the operating frequency, because of the reflection point of
the h-f wave moving upward or downward.

o. The maxima of the frequency shifts take Place 1 to % min prior to
the time of the maximum phase of the solar flares.

Ch

. The short-lived frequency change produced during solar flares can
te distinguished from those produced during sudden geomagnetic-
field variations. In the former case all modes are affected by
the same amount; whereas, in the latter, frequency splitting and
ringing occurs.

In the following sections, simple expressions for the frequency
and phase chenge, as well as for the absorption of ionospherically propa-
gated wave, will be obtained and values for these effects under various
lorospheric changes will be calculated. These results will then be
conpared with experimental observations. It will be shown that the
fonization changes in the D region needed to produce the frequency and
pnase changes reported, would also produce large absorption levels of
the propagation signals. From the simultaneity nature of the effects
over large areas, and the fact that a wave also deviates off its great-

circle plane, as well as from other considerations, it will be shown that

*South of the great-circle plane is not the only direction toward
which an h-f wave will deviate. It depends on the relative position
of the path to the sun, the season in which the measurements were made,
and the frequencies of operation.

-3 -



solar flares of'ten produce ionization above 125 km but below the points
where the h-T" waves of the 15- to 20-Mc range are "reflected”.

The V1f experiments [Refs. 7,14,19) have shown that the effects
of the D region and lover lag the effects ol the E region and higher,
and this is borne out by the examples shown in the previous chapter.
Thus, further evidence is given to support the fact that lonizetion in-
crease !s also produced between the E and F regions by a different
fonization agent than that which produces ionization in the D region.
Furthermore, the data presented here indicate that all layers (2.e.,
neights) are not affected simulteneously; radiation arrivec and affects

the nigher regions first, and later the shorter wavelengti: X-ray radie-
g = ?

tion, etc., may or may not come tu aifect the D or lower region.

A MATHEMATICAL MODEL
The vehavior of an h-{ wave transmitted through the lonosphere is

completely described if its frequency 1 and its propagation function

Y are given. That is, each wave is of the form:

R R R

Wave = E_exp .juﬁ‘.-S?ds =Eo exp-Sads eprwt-Sa ds

o
T T T
(1)
vhere Eo = amplitude of wave as it leaves transmitter T,
w = operational angular frequency = 2nf,
7 = a + j8 = propagation functicn (per/m),
¢ = the attenuation part of Line propegation function
(nepers/m),
and B = phase part of the propagation function (radiens/m).

Each integral in Eq. (1) is from the transmitter T to the receiver R.
The propagation function, 7 , of an h-f wave traveling through the

ionosphere is given by the Appleton-Hartree formula [Ref. 27):
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wiere the symbols have their usual significance (see also List of Symbols).

whe plus slgn glves the propagation function of the ordinary vave, and
cne minus sign that of the extraordinery.

For the geometry at hand the so-called quasi-longitudinel (QL) ep-
proxizmation of Eq. (1) can be used. This takes the form [Ref. 27]

(
G Y — (3)

Since the operating frequency ranges betwveen 15 and 20 Mc and the gyro-
frequency is ebout 1.25 Mc, the term m"/m cos el 0-60° compared with
1 can be neglected for the purpose of celculating the attenuation.

Thus, for both the ordinary and extraordinary vaves, one has

w2y
y e =t o (1)
1-J2

. FREQUEKCY AKD PHASE VARIATIONS

For the purpose of calculeting phase or frequency changes one may
neglect the term »/w but keep the term ““H/“) cos © 1in order to see
the effect of the magnetic ficld. Propagation is controlled by [ when

< a
ay, < @ but not much smaller than Wy - Then.

w

2
_ Ny ___ 1 Yo
ﬁ—c1<2> whenw.<l

1+ a—mcos 9|
-w
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Thus, neglecting momentarily the attenuation function, one has for

the ordinary mode
R

Wave « exp |Jwt - J S pds| = ed¥ (6)
T
where ( 1is the total phase of the wave. The time derivative of the

total phese is the instantaneous angular frequency

30 Pynst radians/sec (7

Ween £ does not vary with time, Wy = the operating frequency.

If 3 does vary with time, however,

R

ag d ‘ad s .
Pinst AL TP T S‘ Bds  radiaens/sec (8)

Ean )

i

it is the time dependence of the second term of Eq. (8) that modifies
tie phase and instanteneous-received frequency of h-f waves during
solar f{leres.

Assuming an n-hop propagation path between stations separated by
a distence d km, we prcpose that tne absorption and ‘requency veriations
are due to a change in the ionization of a layer of thickness a km
in the nondeviative part of the path [Ref. 20). For simplicity, let us
essume that [ is a constant function of the spatial coordinates (x,y,z)
as the wave travels through the thin layer of thickness a. Under this
assumption B can be taken out of the integral sign and the value of
the integral replaced by the incremental path length AS.

2 an

= E-Tn meters (9)
1
where ¥, = arc tan = gh 1s the takeoff angle of the wave, and h' is

the virtual height of refraction. TFor this model, B changes with time
only in region II (see Fig. 20); thus

2 L
g =at - %’1/1 - (:__‘1\[) “’—i“—;)_ml AS (10)
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Since

2
(ﬁ) = <1,
w
w* (u“ cos 0

ve neglect higher terms in the expansion of the square root to obtain

2
aﬂ W
* Zac (axi ah'cos 6? as (11)

# = wt - %’AS

The third term {n Eq. (l1) is due to the ionosphere and

, ay oy, AS
M=o (“’.*. g Tcos 6) (12)

For the Trequency case

8 o ﬁy A5 ffﬁ (13)
av W T3 wimnlcos 9] dt

Thus, the frequency and prase of a wave of f{requency w trensmitted
through the lonosphere vary inversely witi the operating frequency

wien uy, varies with time in region Il.

C. FERMAT'S PRINCIPLEZ

That the different modes (i.e., ordinary and extrsordinary modes
of the many n-nhop modes) pess through slightly different paths can be
seen from Fermat's principle which, for our specific case, states that
the integrel of the phase path of an electromagnetic wave traveling
from a point A (the transmitter) to a point B (the receiver), as

shown in the sketch below, is a minimum or

B ds
3_5. = min UP P(x,y,2)
p
& A (14)

where ds denotes a differential path length transversed by the wave

with the phase velocity vp, but,

~ 4o -



v o & ___angular operating frequency (15)
p i’ propagation function of wave in meaium 4

Thus, Eq. (14) becomes:
B

S‘ B ds = min (16)
A
since the operating frequency is a constant. In our case the
propagation-phase function B is not only a function of the three
cocrdinates (x,y,z) at any point on the path p but of time t as
well
Fermat's principle is, of course, subject to certain resirictions,

-
o

amely, that the propagation function does not have rapid changes
(efvher with space or time) and that the medium is isotropic. These
conditions are not met here in a strictly rigorous senze, because the
wedium i5 enisotropic ard rapid variations in the propagntion function
are Znown Lo take place. Fermat's principle could be used, however, as
{7 the lonosphere were guasi-variable, butl the propegaticn function of
tie anisotropic medium will be utilized by including ine effect of
tihe magnetic field.

in addition to the variations of the propagation-phase funciion B
irn the lonosphere, which could affect the rey path of the h-{ wave as it
rravels from A to B, movements or motions of the ionospheric layers
medify this peth.  These motions of the layers produce true doppler-
freguency chenges in the signal that are proportional to the opereting
“requency.  The frequency var:stions that take place because of the
“ime variation ¢f the propagation function can be determined bty examin-
ing the time derivative of the ray path. Thus, the tctal change in the

instantaneous frequency of the wave is given by [Rer. 28],

B
+u (
Lw:w;__‘;-.azjﬁis (17)
P A
cr, using Eq. (15),
B

o8

Ao = +u B - 51 3t ds (18)

A



where u, is the component of the velocity of the moving disturbance
along the path. Equation (18) shows that even the doppler-frequency

term (a) is affected when the propagation-phace function varies with

tiwe. In Fq. (18a) the plus sign is used when the disturbance is moving
toward the transmitter, the negative sign when moving away from the trans-
mitter. The negative sign in front of the integral term (v) of Eq. (18)

ey

is used bvecause, for the case of forward propagation, the propagation

&

function carries a negative sign, as in Eq. (1).
D. FREQUENCY VARIATIONS WHEN ay, ONLY VARIES WITi TIME

sxamination of the propagation-phese runctlon £ of the ordinary
and erlrasrdinary waves when ay only varies with time, below the
nelent of thelir refraction points, such as during the sudden introduc-
tion of ionization along the rey path, reveals that the time-varying
propagation function contributes to a change in the instentencous f{re-
quency. Thus, as the wave advances 45 meters along its phese peth,
fis instantanecus frequency changes from o o w + ’w. From £9s. (1c)
ard (11) this change would bte proportional to dpg/dt, or

2
B 05
v (19)

ord - B @ w4 uhlcos gl

3]

for the ordinary wave, and

2
g @, 85
v il

Awlextr= B w w- u§!cos 6l (0)

——

for the extraordinary wave.

Since, during the pecsitive part of the phase wirere iy increases,
; , <
ouh/dt >0 and wk/w cos 6 << 1,
1 ~ lcos 6l
=1+ (um/w) cos 6 (21)

1 |cos 6|

, A
- w

and there is an increase in the instantaneous frequency of the propagat-
ing signal that is proportional to the reciprocal of the operating fre-
quency of the transmitted wave. Furthermore, during electron-density

fluctuations:
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Amord = éwcxt;r (22)
as can be seen by comparison of Egs. (19) and (20) with Eq. (21). Thus,
tiie ordinary and extraordinary modes are affected differently by the
AmOURT 2(“\55-/‘” cos 0), since one ls decrcased by a“/a) cos ¢ and the
other is increased by :;“i‘m 2o 6. This difference is small, however,
since for tie 3‘x'equoncie; used here 2 :x“/'w cos 6 = 2(1.25/17.9) cos €0
= 0.07, or the two frequencies differ by only 7 percent in the

=
”

o
i

1705829 reguency case.  This percentage will increase as the operating

Trequency approaches the gyrofrequency.

= FREQUENCY VARIATIONS WHEN a, OHLY VARIES WIThi TIME

Witk the assumption that ug varies with time and aa; SLBYS con-
4

tant, the ‘requency changes will ue proportional to

2 dy,

)

i) 2 —
dB | v N dr
B = - 5 g | H 2
20l s = Telorg e (5) weos 9 ——— e (23)
(w + @, Cos 6 )
and the reguency c!' the crdinery mode incresses, whereas
5 . day,
( < byt
i i . 1:'2! . v i — at 2]
Wl exir” Ez!cxtr T (ZT) WRFOS: l 2 (e%)
aray, lcos 6 )

and Lhe freguency of the exilraordinary mode decreegses. In thils case
arain, the mony modes are allected differently. The changes in the in-
stantaneous frequency during rapid magnetic changes are inversely pro-
porticnal to the square of the operating {requency in the nondeviative
region where f << 1 (regior Il of Fig. 20) Close to the point of
refraction, however, wnere 3 = 0 (region I of Fig. 20), the result is
o change the height at which the wave is refracted. The frequency
change, then, is proportional to the time derivative of the virtual
height; that is, the doppler-type frequency change observed is directly

proportional to the operating frequency.
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The above statement can be clarified by’examining the doppler-fre-

quency change Aw , which is given by

&

(25)

o]

R
s |
T

where vg is the group velocity of the wave along the patn ds from
the transmitter T to the receiver R. Since vg = cn, where c¢ is

the velocity of light and n the refractive index in the fonosphere,

ane has
R
| "t_,;.)d_ ds 7
':‘m-cdtj cuplz’ 1 (26)
} w
TV G e
w w * ay, cos G

but ds sin Wn = dz, where dz 1is the verticael-height increment cor-
responding to the slant incremental path dg, end iy is the takeofr

angle of' the nth mode. Thus, EQ. (26) can be trensformed to

h

d dz
Ay = LD
fw =2 o an sin ¥ S‘ —Z - (27)
of1- () —
w ' owdw lcos ¢!
or
o= (.9 I d_ n! Q
DM = & 2n sin Vo qT D (28)

where h' is the virtual height of refraction.

Thus, when the reflecting layer changes height with time, having a
component of velocity u along the direction of propagation, the second
term of Eq. (18) is reduced to a similar expression like the first and
a doppler-type of frequency shift is produced which varies proportionally

to the operating frequency. The effect of the magnetic field is to cause

the ordinary and extraordinary modes to be refracted from different heights
in the ionosphere. Therefore, h' varies differently for the ordinary
case (plus sign in Eq. 28) than for the extraordinary case (minus sign

in Eq. 28). The result is a splitting, on the record, of the frequency

spectrum of the incoming transmission.
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F. CALCULATIONS OF ATTENUATION WHEN ay VARIES WITH TIME

In the atteruation case, an approximate expression for the change
in a wvith N that is good to within 10 percent when axN/w < 0.7 and
v/e < 0.7, is:

2
61 v(2 + (ay/w)”) o ~
% hef® 1+ (v/w) - (m“/m)al2 (u/m)2 mepegs/e
(29)

For neights between 65 and 150 km and for frequencies above 15 Mc,
aMAu< 0 3 and »/w < 0.3. An appropriate approximation of Eq. (29) in
this height range {6

8l v

2(:!‘2

The change in power absorption of a signal in decibels is

dx = an nepers/m (30)

dr = d [20 log, , exp (a &s)) (31)
For small changes in path geometry
dA = 8.66 Asdx db (32)

Substituting Eq. (16) into Eq. (18)

dA = 8'66 (AS) (81) Q’) dN db (33)
2c¢

The change in phase with a change in N for mN/u) < 0.3 is from
Eq. (12)

.8 8
-£-

w
x~2ecf O o+ mﬂlcos q4 cycles (34)

Now, reasonable values for the PR-SU path geometry are h' = 300 km and
d = 5400 km. Let us assume arbitrarily that a = 20 km. The above
values, when substituted in Eq. (9), give AS = 360 km since, for low
takeoff values, tan Yy = Ve
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let us calculate the effect of a change in the ionization of the
D region on the avsorption of a 15-Mc signal. At these heights (see
Fig. 21) v = 107/sec,' thus, from Eq. (18) one gets:

a . (8:68) (81) (107) (3.6 x 10%) a

) N 1 = 1.65 x 1o'8 diN db
() (3 x107) (15 x 10 )

(35)
from EG. (35) the phase change of tiis signal is:

5
ag = {2n) (81)4£§i§ X 10) z— 4N = 21(3.2) x 1077 an redians
(2) (3 x107) (15 x 10”)

(36)
Tre phase chenge in number of cycles is;:
gg = 3.2 x 1077 an cycles (37)

In the D region, N 1is approximetely 9 x 10) electrons/m3. A
change of 50 percent in N (not unusuel during fadeouts) correspords

o a drop in signal level of (from Eq. 35):
-8 . 9 -
dA = 1.85 x 107" (2.5 x 10°) = U5 db (36)
and a phase change of (from Eq. 37):
af = 3.2 x 1077 x 2.5x 107 - 8 cycles (39)

The absorption would certainly be detectable, but the phase change 's

barely detectable as a frequency deviation if it occurs over e period

of greater than half a minute. The large value of the absorption implies

that frequency deviations are due to lonization changes in higher regions.
If the layer is placed at E-region heights (100 to 120 km),

v = 105/sec; then

dA = 1.8 x 10710 gy db (40)

and al = 3.2 x 1077 qy cycles (L1)
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For this case a phase change of 120 cycles (or a 2-cps "kick" for
1 min--not unusual, see Figs 3 and $) would cause an absorption change
of about T db, an amount easily noticeable. Thls corresponds to a change
of 120/3.2 x 1077 = 3.8 x 10%°
region electron density.

Since certain solar flares produce phase changes of the above mag-

niwnde without any observable absorption, the fonization {n these casecs

clectrons/m3, or 30 percent of the E-

zust be introduced at a yet higher level  Assuming that chenges In sig-
nal sirength of less than 1 db cannot be distinguished in the present
setup, we will calculate the minimum helight of the band whose icnlzation
chgnge will produce the observed frequency kKicks,

For example, the 1k August 1961 (Fi: “a)solar suvfllare prodred & phese
shange of 300z radians (150 cycles) but no obuervable absorpticn on the
PH-SU 19-Me signel.

Calculating the meximum v which will glve an sbsorpiion less then
1 db, we substitute Eq. (33) into Eq. (3%) and obtiain:

6
L, ‘
pelrldA 15 x10 X1y 04 g0, (-2)

- £.60 d¢ - 8.6b x 150

A height greater than 125 km is required o give e »r of suffi-
ciently low magnitude. Thus, it appears ihat some solar flares produce
fonization above 129 km. It is noted thet an ionospheric disturbvance
of any origin which causes a phase change of' greater than 150 cycles
with no observable absorption on the PR-SU 15-Mc signal must occur ahove

120 k.

G ANALYSIS OF THE INDUCED-EFFECTS OF THE 20 SEPTEMBER 1961 SOLAR FLARE

OF IMPORTANCE 3

How let us examine the effects of the solar flare of importance 3
of 23 September 1961 (Fig. 13). Table 2 contains a detailed record of
the events that took place during the lifetime of this flare. The in-
formation included in the second, sixth, seventh and eighth columns is
taken from the High Altitude Observatory's "Preliminary Reports of Solar
Activity" [Ref. 26]). The information contained in the other columns

is derived from the record shown in Fig. 13.

- 48 -



TABLE 2. OCCUBRENCE OF EVENTS OF FLARE OF 28 SEPTEMBER 196)

(11 (2) (3) (4) 15) (6) (1 {(a)
Absurption F":::‘?." i
Tine Optical Frequency Average P
(GNT) Qccarrence Deviation Stow SOF |18 Me | 15 Me| SPA SCNA SEA
2200 Opticel oaset '
2207 10 Onset at 1S me
2208 SO Osset ot 18 we 0.36 0 S0
212 0.3§ 0.45]0nset
214 9.50 1.60 Onset
2218 0.90 1.30 Qaset
2216 40 1.70 190
216 55 Masioum 1S and 10 . 1.50 1 40
nn Oaset 1.00 1.00
2218 12 Zero Frequency 0 %0 0.90
2218 30 Mer Neg Freq 0.90 [ 1.20
2221 10 Max 0 40 0 &0
2 Mas Optical Phase
3228 0.20 0 30
2250 Recovery
230 lad
laperiance 3 ! 2 1/20% !
"SONA = Sudden Cosmic Norse Absorptios
e tine grven by Nef 26 wes 2218 GNT
A cursory glance at Table 2 shows the following:
1. The maximum of the amplitude fading rate occurs at the same time
as the maximum frequency (phase) change.
2. The absorption starts after the maximum frequency deviation end

reaches its maximum some 5§ min later. Even this maximum absorp-
tion is classified as one of importance 1, i.e., very moderete.

. The SPA, SCHA and SEA effects have their onset times 5, 7 and 8

riin, respectively, eafter the onset time of the frequency change,
and their importence is of secondary value. It seems that during
this flere, ifonizetion was produced at all levels simultaneously
(ns is the case during very strong solar flares); but meximum
ionization was produced first at higher levels (see frequency and
absorption mexima about L min apart) and then at the lower levels.
Even the lower ionization production was not too pronounced, as
one can see from the severity of the SPA, SCHA, SEA, and particu-
larly the slow SWF effects.

The 15- and 18-Mc signals suffered a total of 1100 and 910 cycles of
additional phase rotation, respectively, before any observable ab-
sorption was noticed. These values are proportional to 1/f.

. The maximum frequency change orcurs simultaneocusly on both frequen-

cies to within + 0.5 sec. An additional fact that must be brought
out here is that the sun is low over much of the path (5 PM local
time in Florida, one-third of the way from PR to SU). Also, because
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of the proximity of' the equinox, the subsolar point is many degrees
south of the path. Its rays fall at somewhat grazing angle on the
jonosphere through which the PR-SU path passes.

combining Eqs. (33) and (34), one gets

a2 _f
W BooOv

vor the solar flare of 28 september 1961, the phasc change before

any cbservable absorption occurred was 910 cycles at 15 Me and 1100

eycles at 15 Me.
The total change in lonization along the path ts, from ¥q  (3k),

6 p)
3 L b, 2 .
an - O X 18 x 10 BT 2x 3%x307 _y oy ol (k3)

assuming the minimus change in signal level that can b= detected 1s 1 db.
fhe maximus average value of v that can ceuse < 1 db abscrption

{s derived from Eq. (42):
}; ‘
p =2 x10/8.66 =2.3x 103/sec (:4)

Tre height with this v {s 140 km; thus, the average height of
ionization change is lLO km or more. For a path lengtn of hOO km
tr.rough the layer (thickness of layer of 20 km), the change in for

density is ovtained from EQ. (26) as

1
di = —L——————i— =3 x10 electrons/m3 (k%)
400 x 10

The values given by Eq. (32) are less than 1 percent of the ion density
of the region at 140 km. This small value is obtained from the assump-
tion that the layer was 20-km thick. Actually, however, it could be
much less than this, say about 2-km thick.

The above analysis co'ld also be carried out by considering the re-
combination coefficients of the different charged particles for the
different heights [Ref. 29}. However, this was not accomplished for two

reasons: (1) there are many such coefficients in the lowver ionosphere,
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and their exact variation with height is not well known, and (2),
tecause of the recording speeds employed during these experiments, the
exact recovery times of the frequency fluctuations during solar rlares
could not be determined with accuracy. As an alternative method, the
effect of absorption was chosen since the variation of the collision

Urequency with helight is better known.

i AGREEMENT OF THBORETICAL AND EXPERIMENTAL RESULTS

Tue previous analysis and experimental evidence indicate that the
proposed model of Flg. 2C is a reasonable one, to a first approximation.

Since Elison [Ref. 30) suggested that during solar flares, intense
radiations around 500 and 1200 X zay be emitted (although he states that
we have no proof of this) and Friedman (Ref. 31] described rocket experi-
ments which ylelded the information that radiations between 100 and 1000 2
are abscrved in the region between 120 to 1kO km, one might speculate
that during solar flares rediations of this type lonize the upper atmos-
phiere 2t these heignts. The time varfation of the ionization change pro-
duces these frequency kicks without producing absorption (i.e , without
penetrating down to the D or E region).

In the case of vertical-incidence onograms to determine height of
reflection, one must take intc account the additional retardetion intro-
duced by the extra ionization that is introduced by the solar flare.

If this retardation occurs somewhere below the reflection point of the
vertical wave, the virtuel height will scem to rise; whereas actually
this is not so. This can be shown from differentiating the argument of
2g (5) with respect to w since the time delay is-
R
’=§'§=2g—m wt+SBds (16)
T

Since @ 1increases during the time interval of a solar flare, 71 will
be larger and the virtual height will seem higher. Thus, one may draw
the erroneocus conclusion that the layer rises because of a reduction of
the electron density near the reflection point [Ref. 3). A reduction in
the ionization density does not take place during solar flares, since it

has been shown that the total ionization of the atmosphere increases by
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more than 100 percent during some strong solar flares [Refs. 15 and 22).
This indicates that not only the D-region ionization is increased (as
evidenced by the absorption results) (Refs. 2-7, and 14, 19 and 29] or
the E region (s shown by Burkard [Ref. 11], Bibl [Ref. 17], and Findlay
(Retr. 18]), but the higher levels as well, as shown by the isolated casc
of Maismith and Beynon [Ref. 12]. Furthermore, from the observation of
the frequency of backscattered signals during solar flares, it is con-
cluded that the downward-moving-layer model [Refs. 15 and 22] is not
always an appropriate onc [Ref. 32].

The i{'ollowing model might then be proposed: During some solar
flares ionization of certain band frequencies (UV) arrives rirst and
icnizes primarily the 120- to 1Lk0-km height with small increases in the
ionization in the D and F regions. Subsequently, the ionization
"nardens" (probably because of the arrival of X-rays and gemme-rays) and
produces electron-density variations in the D region, which results in

absorption.
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V. CONCLUSIONS

During tne lifetime of certain of the solar flares reported
{Ref's 25 and 2G), ae frequency o: an obligquely propageted LT wave
in the Trequency range vetweern 10 and 20 Mo ia mowentarily changed by a
Yew cycles. The change consists of an Increase in the instantaneous-
received frequency, followed by & decresse and subsequently a gradual
return toward tie original-received frequency. The rapid part of the
‘requency variations lasts only a few minutes (usually less than 3).
In eddition, the frequenzy change varies inversely with the operating
frequency, es contrasted with Lhe so-c~alled doppler frequency changes,
produced by moving inhomogencitles and wraveling tonospheric disturvances,
which vary direcily proporticnelly with the operating {requency

Patihis separated by meny hundreds of kilometers ere simuliancously

alfecied. These frequency changes invariably oczur prior to the com-

every 2 mir). Various degrees ¢f change ranging from no observeble

btion to complete sigrel loss have beesn observed The azimuthal

]
(&8
(%
O
-

engle of errivel ¢f the same signals thet sulfer frequen-y changes
curing some of the sclar flares e:d subflares s alsc shifted ofF {is
true bearing. These bearing deviations are toward the south ir the case
of the Puerto Rico - Stanford peth. They indicate that electron-density
gradienis are formed wher the sur i{lluminates part of the path or the
sun's radiation {s falling at a grazing irciden-e,

Trese observations of instantaneous-frequency and angle-of-arrival
changes during solar flares, together with other experimental results
such as backscattered h-f signals, measurements of F-region eleztron
density, and ultraviolet absorption by the iorosphere, suggest that new
iorization 1s introduced initially somewhere Just above the E region
(very probably ir. the height region 120 to 140 km), although even greater
heights are possible. This ionization may or may not be followed by the
generation of ionizatior in the absorbing D region

The time variation of the height at which solar-flare-induced
ionization is released, suggests that the ionization producing radiant
energy is initially soft (500 to 1000 X), and then hardens (1 to 100 X)
as the flare progresses
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The fact that uhe Irequency or phase change comes invariably prior
1o the signal loss shows that it ~ould conceivably be used to warn of
impending signal loss in modern ii-f communication systems, eflfording
“ontinucus Teedback of propagaticr. conditions over the path.

The shori-lived frequency variations caused by ionization changes
due *o solar-induced radiation, however, should be distinguished from
a similar 2ind that is observed during sudden commencements or sudden

Tlirtuasticns of € geomagnetic ield.  Thaese snort-lived variations

very propurticnally with the cperating frequency and affect the dif-

Terent modes (ie., criinary and txtragrdinary) by differest amounts.

shuE, Urequency splittling s curerved durirg these fluctuations which
LT oduserved during the solar-flarc-ndu~ecd, ‘onization-change fre-

y e
sl e
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